We use 156 044 white dwarf candidates with ≥ 5σ significant parallax measurements from the Gaia mission to measure the velocity dispersion of the Galactic disc; 30.8, 23.9, 20.0) km s −1 . We identify 142 objects that are inconsistent with disc membership at the > 5σ level. This is the largest sample of field halo white dwarfs identified to date. We perform a detailed model atmosphere analysis using optical and near-infrared photometry and parallaxes to constrain the mass and cooling age of each white dwarf. The white dwarf cooling ages of our targets range from 7 Myr for J1657+2056 to 10.3 Gyr for J1049−7400. The latter provides a firm lower limit of 10.3 Gyr for the age of the inner halo based on the well-understood physics of white dwarfs. Including the pre-white dwarf evolutionary lifetimes, and limiting our sample to the recently formed white dwarfs with cooling ages of < 500 Myr, we estimate an age of 10.9 ± 0.4 Gyr (internal errors only) for the Galactic inner halo. The coolest white dwarfs in our sample also give similar results. For example, J1049−7400 has a total age of 10.9-11.1 Gyr. Our age measurements are consistent with other measurements of the age of the inner halo, including the white dwarf based measurements of the globular clusters M4, NGC 6397, and 47 Tuc.
INTRODUCTION
Age is a fundamental parameter for stars, yet the only fundamental age we can measure is that of the Sun through the decay products of long-lived isotopes in the solar system (Soderblom 2010) . There are a variety of model-dependent methods to estimate the ages of the rest of the ∼200 billion stars in the Galaxy, but the main problem has been the lack of trigonometric parallax measurements that enable a direct measurement of the luminosity of a star. Thanks to the Gaia Data Release 2 (Gaia Collaboration et al. 2018), we now have an unprecedented opportunity to measure the luminosities and ages of a large number of stars in the Galactic disc and the stellar spheroid (hereafter we simply say halo).
White dwarfs, with well-understood cooling physics, provide an excellent alternative to commonly used age indicators for the Galactic disc and halo, including cluster mainsequence turn-off ages and nucleo-cosmochronometry (Sneden et al. 2003; Frebel et al. 2007 ). The cooling age of a white dwarf can be measured easily if the atmospheric composition, temperature, and radius (mass) are known. White dwarfs have relatively simple atmospheres due to the high surface gravity, and the majority of them display pure hydrogen atmospheres.
There have been numerous efforts to measure the age of the Galactic disc using cool white dwarfs (e.g., Winget et al. 1987; Liebert, Dahn, & Monet 1988; Leggett, Ruiz, & Bergeron 1998) , but nearby halo white dwarfs have been elusive. Previous efforts to obtain a luminosity function for the halo have suffered from small numbers (Harris et al. 2006; Rowell & Hambly 2011; Kilic et al. 2017) , except for the globular cluster white dwarfs in M4, NGC 6397, and 47 Tuc (Hansen et al. 2004 (Hansen et al. , 2007 (Hansen et al. , 2013 .
Most surveys for halo white dwarfs have relied on large area surveys done with photographic plates to find high proper motion objects, but they had limited success. For example, Monet et al. (2000) searched 1378 square degrees and found one halo white dwarf candidate, POSS 15:00:03.51+36:00:30.5. WD 0343+247 (also reported as WD 0346+246, Hambly et al. 1999) , PM J13420−415 (Lépine, Rich, & Shara 2005) , SDSS J110217.48+411315.4 (Hall et al. 2008) , and LSR J0745+2627 (Catalán et al. 2012 ) are other examples of high proper motion (1.3, 2.55, 1.75, and 0. 9 yr −1 , respectively) halo white dwarf candidates found in such surveys. Oppenheimer et al. (2001) used the SuperCOSMOS sky survey ) to identify 38 high proper motion halo white dwarf candidates. However, the majority of these white dwarfs are too warm and too young to belong to the halo unless they are the descendants of sun-like stars with relatively long main-sequence lifetimes . Follow-up ground-based parallax measurements for 15 of these stars confirmed halo membership at the > 3σ level for four of them (Ducourant et al. 2007) . Kalirai (2012) identified four relatively warm (T eff ≥ 14, 000 K) halo white dwarfs with M ≈ 0.55M , and derived an age of 11.4 ± 0.7 Gyr for the inner halo. Similarly, Si et al. (2017) used Bayesian hierarchical modeling to derive an age of 12.11 +0.85 −0.86 Gyr based on 10 candidate halo white dwarfs, four of which had trigonometric parallax measurements available. There are more than 10 5 objects with significant parallaxes within the white dwarf region of the Gaia color-magnitude diagram. Here we use this sample to measure the velocity dispersion of the Galactic disc and identify 142 objects as significant velocity outliers and as members of the Galactic halo. Section 2 describes the Gaia sample selection and the velocity dispersion of the disc, whereas Section 3 presents a detailed model atmosphere analysis of the halo white dwarfs based on optical and near-infrared photometry and parallaxes. We present the results from this analysis in Section 4, discuss the total ages of these stars in Section 5, and conclude in Section 6.
THE WHITE DWARF SAMPLE

Gaia Sample Selection
We queried the Gaia database for objects with ≥ 5σ significant parallaxes, and followed the recommendations outlined in Lindegren et al. (2018) to remove non-Gaussian outliers in colour and absolute magnitude. We employed the astrometric and photometric quality cuts outlined in Appendix C of Lindegren et al. (2018) . We used a simple cut in (G BP − G RP , M G ) space keeping only those sources fainter than the line joining (-1,5) and (5, 25) to identify the clearly subluminous stellar objects relative to the main sequence. The query returned 156 044 sources.
The Velocity Dispersion of the Disc
Fuhrmann (2011) use a sample of 284 stars with Hipparcos parallaxes to measure the mean space velocities and velocity dispersions of (U, V, W) = (2.5, −8.9, −1.0) km s −1 and (σ U , σ V , σ W ) = (30.8, 17.4, 14.0) km s −1 for the thin disc. The majority of the white dwarfs identified in our query belong to the thin disc, but the fraction of thick disc white dwarfs is likely around 20% (Reid 2005) . Instead of trying to isolate clean samples of thin and thick disc stars, we treat the entire sample as one, since we are only interested in the significant velocity outliers. Since optical spectroscopy and radial velocity observations are not available for the majority of these targets, we simply assume a zero radial velocity and calculate the three dimen- sional velocities. Based on the 156 044 white dwarf candidates, we measure (U, V, W) = (4.8, −1.3, 3.0) km s −1 and (σ U , σ V , σ W ) = (30.8, 23.9, 20.0) km s −1 for the Galactic disc. These are comparable to the mean velocities and velocity dispersions derived by Fuhrmann (2011) . However, the dispersions in V and W velocities are larger, likely due to the contribution from thick disc stars. Figure 1 shows the Toomre diagram for our ≥ 5σ white dwarf sample. The dashed line marks the 5σ UVW velocity ellipsoid for the entire sample. We take a conservative approach, and select only those objects with velocities that are more than 5σ away from this boundary as members of the Galactic halo. There are 142 white dwarfs that are clearly not compatible with a disc origin. As expected for a halo population, the majority of these velocity outliers lag behind the disc with V ∼ −200 km s −1 .
Halo White Dwarfs
This sample includes two common-proper motion binary sytems (J075014.80+071121.3 plus J075015.56+071109.3, and J115941.74−463034.3 plus J115956.86−462903.3), and several previously identified halo white dwarfs, including WD 0343+247 (Hambly et al. 1999) , LSR J0745+2627 (Catalán et al. 2012 ), POSS 15:00:03.51+36:00:30.5 (Monet et al. 2000) , WD 1448+077 and WD 1524−749 (Kalirai 2012) , and several of the white dwarfs identified by Oppenheimer et al. (2001) . The proper motions range from 0. 16 yr −1 to 3. 6 yr −1 , with LHS 56 (WD 1756+827) being the highest proper motion halo white dwarf identified here.
Out of the 142 white dwarfs, 59 have spectral classifications in the literature, including 35 DA, 1 DB, 20 DC, and 3 DQ white dwarfs. Using Gaia positions and proper motions, we have cross-matched our halo white dwarf sample with the Sloan Digital Sky Survey Data Release 9 (Ahn et al. 2012) , the Panoramic Survey Telescope and Rapid Figure 2 . Gaia color-magnitude diagram for the halo white dwarf sample. The solid and dotted lines show the cooling sequences for 0.5M pure H and pure He atmosphere white dwarfs, respectively, whereas the dashed lines show the same sequences for 0.4 and 0.8 M pure H atmosphere white dwarfs. Colored symbols mark objects with optical spectra. Two ELM white dwarfs, LP400−22 and NLTT 11748, and two DC white dwarfs with mixed H/He atmospheres, WD 0343+247 and WD 0541+260 are labelled.
Response System (Pan-STARRS, Kaiser et al. 2010) , the UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007 ), the UKIRT Hemisphere Survey (UHS, Dye et al. 2018) , and the VISTA Hemisphere Survey (McMahon et al. 2013) . Most importantly, Pan-STARRS 3π survey provides grizy photometry for 104 of our targets, and the SDSS provides ugriz photometry for 52 of our halo white dwarfs. Table 1 presents the Gaia Source identifications, spectral types, positions, parallaxes, proper motions, photometry, and UVW space velocities for each target. The full table is available as supplementary information in the online version of the article and includes all of the available optical and near-infrared photometry for each white dwarf. Figure 2 presents the Gaia color-magnitude diagram for our halo white dwarf sample, along with the cooling tracks for 0.5M pure H and pure He atmosphere white dwarfs (solid and dotted lines, respectively). To illustrate the mass range of our sample of white dwarfs, we also plot the cooling sequences for 0.4 and 0.8M pure H atmosphere white dwarfs as dashed lines. The pure H atmosphere tracks show the blue hook due to the collision induced absorption from molecular hydrogen for M G ≥ 16 mag and T eff ≤ 3500 K. Objects with spectral classifications are shown with colored symbols. Interestingly, this sample includes objects with a range of colors (temperatures) and magnitudes, and therefore a range of white dwarf masses and cooling ages. Two of these white dwarfs, LP 400-22 and NLTT 11748 (labelled in the figure), belong to the Extremely Low Mass (ELM, M ≤ 0.3M ) white dwarf population and they are both found in short period binary systems (Kilic et al. 2009 (Kilic et al. , 2010 Kawka, Vennes, & Vaccaro 2010; Steinfadt et al. 2010) . Two other white dwarfs with mixed H/He atmospheres (see below), WD 0343+247 and WD 0541+260, are also labelled.
Most of the white dwarfs in this figure lie near the 0.5M tracks, indicating that they are relatively low-mass. A ∼ 10 Gyr old population should be currently forming ∼ 0.5M white dwarfs. Hence, the overabundance of relatively lowmass white dwarfs at the bright end of the cooling sequence is not surprising. Even though the faintest (and hence oldest) white dwarfs are expected to be on average more massive than those near the top of the cooling sequence (as they should have evolved from more massive stars), there are theoretical considerations that make their detections unlikely.
Analyzing the local sample of white dwarfs with parallax measurements, Fontaine, Brassard, & Bergeron (2001) and Bergeron, Leggett, & Ruiz (2001) demonstrate that at low temperatures, massive white dwarfs would be indeed very old, but they are rare because of the relative underabundance of their progenitor massive stars. More importantly, the oldest massive white dwarfs would have entered the rapid Debye cooling phase (van Horn 1968) and disappeared from observational samples. This is also confirmed through the observations of the faintest white dwarfs in globular clusters. For example, Figure 19 of Hansen et al. (2007) shows the white dwarf luminosity function and the mass distribution for the globular cluster NGC 6397. Hansen et al. (2007) found that the bulk of the luminosity function contains white dwarfs of the same mass (0.52M ) and that the masses start to increase to 0.62M at the truncation of the luminosity function. Hence, they conclude that the truncation in the luminosity function occurs due to the faster cooling timescales of more massive white dwarfs at late times. Figure 8 of Fontaine, Brassard, & Bergeron (2001) shows the theoretical isochrones with and without the main-sequence lifetimes taken into account. Because of the particular Sshape of the isochrones, the majority of the oldest white dwarfs are actually found close to the 0.6M tracks. Hence, the relatively large numbers of ∼ 0.5M cool white dwarfs in our sample is consistent with the theoretical expectations as well as the observed globular cluster white dwarf cooling sequences. Figure 3 shows colour-colour diagrams for our sample of halo white dwarfs that are also detected in Pan-STARRS (left panel) and the SDSS (right panel). The symbols and cooling tracks are the same as in Fig 2. The colours for the observed sample follow the predictions from the pure H or pure He atmosphere models relatively well, and the coolest white dwarfs seem to have temperatures near 3500 K. In addition, several WDs with u − g ≈ 0.5 mag and unknown spectral types follow the pure H atmosphere tracks, indicating that they suffer from the Balmer jump in the u−band due to a H-rich atmosphere.
MODEL ATMOSPHERE ANALYSIS
We use the photometric technique described at length in Bergeron, Ruiz, & Leggett (1997) . Briefly, we convert the available magnitudes m into average fluxes, f m λ , using a procedure similar to that outlined in Holberg & Bergeron (2006) . The SDSS and Pan-STARRS are on the AB magnitude system, while the other datasets, including Gaia, are on the Vega system. After estimating the average fluxes, we compare them with the model Eddington fluxes, H m λ , properly averaged over the appropriate filter bandpass. These two average fluxes are related by the equation
where R/D defines the ratio of the radius of the star to its distance from Earth. We define a χ 2 value in terms of the difference between observed and model fluxes over all bandpasses, properly weighted by the photometric uncertainties, and minimize it using the nonlinear least-squares method of Levenberg-Marquardt (Press, Flannery, & Teukolsky 1986 ). We treat both T eff and the solid angle π(R/D) 2 as free parameters, perform fits for both pure H and pure He atmospheres, and obtain the uncertainties for each fitted parameter directly from the covariance matrix of the fitting algorithm. Using Gaia parallaxes, we obtain the radius R directly from the solid angle and the distance D, and use the evolutionary models for C/O white dwarfs (Bergeron, Leggett, & Ruiz 2001) to estimate the mass and cooling age of each object.
Only 55 of our halo white dwarfs are within 100 pc of the Sun. Since they are within the Local Bubble (Lallement et al. 2003) , we assume that interstellar extinction is negligible for these stars. However, the remaining 87 targets suffer from interstellar extinction. We follow Harris et al. (2006) and correct for full extinction for stars beyond 250 pc, and partial extinction, which changes linearly with distance, for stars between 100 pc and 250 pc. We use the E(B − V) values from Schlafly & Finkbeiner (2011) , and the extinction coefficients of R = 3.384, 2.483, 1.838, 1.414, 1.126, 0.650, 0.327, and 0.161 for the Pan-STARRS grizy and the nearinfrared JHK filters, respectively (Green et al. 2018) . We use the extinction coefficients from Gentile Fusillo et al. (2018) for Gaia photometry.
We present the SEDs and our model fits to both observed and dereddened photometry for all 142 targets as supplementary data in the online version of the article. The median Galactic latitude |l | and E(B − V) for the 87 stars beyond 100 pc are 39 • and 0.03 mag, respectively. This sample includes three stars within 10 • of the Galactic plane: J053712.48+321501.0, J091304.64-375131.0, and J214959.88+540841.9. Two of these are spectroscopically confirmed DA white dwarfs. All three have T eff ∼10 000 K, d = 100-200 pc, and our best-fit solutions change by up to 190 K in temperature and 0.02 dex in log g after the extinc-tion correction. These have negligible effects on our cooling age estimates.
Our spectral energy distribution (SED) fits using SDSS ugriz, Pan-STARRS grizy, Gaia G, G BP , G RP , and JHK photometry show that the quality of the Pan-STARRS grizy photometry is superior to the SDSS photometry, and the addition of the Pan-STARRS y filter photometry helps constrain the SED fits much better, especially for cool white dwarfs. We also find that given the broad passbands, the Gaia photometry is not as useful in constraining our model fits. Therefore, we use the Pan-STARRS grizy and nearinfrared JHK photometry for the 104 targets that have Pan-STARRS data available, plus the SDSS u-band data, if available. The u-band filter helps with distinguishing H atmosphere white dwarfs since it covers the Balmer jump. For the rest of the targets, we rely on the SDSS and/or Gaia photometry plus JHK filters to constrain the fits.
Gentile Fusillo et al. (2018) compared the best-fit atmospheric parameters for nearly 5,000 DA white dwarfs based on the Pan-STARRS, SDSS, and Gaia photometry (see their Figures 7 and 8), and found that they are in good agreement across the temperature range 5,000 -50,000 K with no clear systematic trends. Hollands et al. (2018) studied the 20 pc local white dwarf sample from Gaia, and found standard deviations of 3.1% in temperature and 0.1 dex in log g in the published parameters.
Comparing the model fits for our halo white dwarf sample based on Pan-STARRS and SDSS photometry, we find average differences of 0.8 ± 2.3% in temperature and 0.005 ± 0.053M in mass, respectively. These are well within the typical uncertainties of our measurements. J115131.13+015952.6, is the only significant outlier in this sample, however given its relatively cool temperature (4540-4580 K), its spectral energy distribution peaks around 1µm, and Pan-STARRS z− and y−band photometry provide superior constraints on its temperature compared to the SDSS. Similarly, comparing the model fits based on Pan-STARRS and Gaia photometry, we find average differences of 1.6 ± 4.7% in temperature and 0.006 ± 0.062M in mass, respectively. Again, these are well within the typical uncertainties of our measurements, and there is no evidence of significant systematic effects. There are 11 objects with significant mass differences of > 0.1M . However, the majority of these objects are cooler than 5,000 K, and therefore Pan-STARRS z− and y−band photometry provide superior constraints on temperature (and therefore mass), since temperatures and radii (and masses) of the best-fit models are correlated.
RESULTS
DA White Dwarfs
There are 35 spectroscopically confirmed DA white dwarfs in our sample, and we use the pure H atmosphere models to fit their SEDs. Figure 4 shows our SED fits (top panels) to three white dwarfs that are best-explained as pure H atmosphere white dwarfs. The error bars show the data, and the filled and open circles show the predictions from the best-fitting pure H and pure He atmosphere models. The bottom panels show the optical spectra (if available in the Montreal White Dwarf Database, Dufour et al. 2017 ) along with the predicted Hα lines for the best-fitting pure H atmosphere models to the photometry. Note that this is not a fit to the spectrum, but just a comparison to make sure that our photometric solution is consistent with the observed Hα line profiles for the white dwarfs that have optical spectra available. Figure 4 shows that our photometric solutions for both J0148−1712 and J1345+4001 provide an excellent match to the Hα line profiles for these stars, indicating that these are clearly pure H atmosphere white dwarfs. J1345+4001 is warm enough to show a strong Balmer jump in the uband, and its SED demonstrates the usefulness of the uband photometry to identify H atmosphere white dwarfs that lack follow-up spectroscopy. The right panels show our fits to one such white dwarf, J1426+0949, that lacks optical spectroscopy. The SED for J1426+0949 shows a significant Balmer jump in the u-band, clearly demonstrating that this is a H atmosphere white dwarf. We inspect the fits for all 52 targets with SDSS u−band data available, and identify additional H atmosphere white dwarfs that lack follow-up optical spectroscopy, but show the Balmer jump.
DB and DQ White Dwarfs
There are 1 DB and 3 DQ white dwarfs in our halo white dwarf sample. We use pure He atmosphere models to fit the SED for the DB white dwarf J0007−3113, and He atmosphere models with trace amounts of C to fit both the SEDs and the optical spectra for the DQ white dwarfs (see also Dufour et al. 2005; Giammichele et al. 2012) . One of the DQ white dwarfs, J1045−1906 shows pressure shifted C 2 Swan bands, but the other two with T eff > 6000 K appear normal. We measure C abundances ranging from log (C/He) = −7.9 to −3.5 for these three stars.
White Dwarfs with Featureless Optical Spectra or Unknown Spectral Types
He i lines disappear below about T eff = 11 000 K in white dwarf atmospheres, but H lines remain visible for temperatures as low as 5,000 K (Bergeron, Ruiz, & Leggett 1997) . Hence, DC white dwarfs with effective temperatures between ≈ 5000 K and 11 000 K must have He-rich atmospheres. Figure 5 shows our model fits to three DC white dwarfs, including J0248−3001 (left panels). The observed SED for J0248−3001 is best-explained by a model with T eff ≈ 6000 K. However, a pure H atmosphere white dwarf with that temperature would show a significant Hα absorption line, which is not observed. Hence, J0248−3001 clearly has a He dominated atmosphere. The middle and right panels in Figure 5 demonstrate our choice of composition for two other DC white dwarfs, WD 0343+247 and WD 0541+260 (J0544+2602). These two white dwarfs are best explained by mixed H/He atmospheres. J0544+2602 is warm enough to show an Hα absorption line if it had a pure H atmosphere. The lack of Hα absorption clearly indicates a He-rich atmosphere, and the observed SED is best explained by a model that has log (H/He) = −0.38. Similarly, the SED for the well known halo white dwarf WD 0343+247 requires a mixed atmosphere with log (H/He) = 0.21 (see also Bergeron 2001; Kilic et al. 2012 ). The choice of atmospheric composition for white dwarfs cooler than T eff = 5000 K must rely on optical and nearinfrared photometry, as both pure H and pure He atmosphere white dwarfs show featureless optical spectra at these temperatures. Collision induced absorption from molecular hydrogen is visible in the near-infrared bands for white dwarfs cooler than about 4000 K (Hansen 1998) for pure H atmospheres, but it becomes visible at hotter temperatures in higher density environments of He-rich atmospheres. H atmosphere white dwarfs also show significant absorption from the red-wing of the Lyα line (Kowalski & Saumon 2006) . Hence, a combination of UV, optical, and near-infrared photometry can distinguish between H-and He-dominated atmospheres for cool white dwarfs with T eff ≤ 5000 K. We inspected the model fits for all 142 targets and decided on the atmospheric composition based on the Hα line profiles (if available), the quality of the fits for all of the photometric bands, and the presence or absence of a near-infrared flux deficit due to molecular hydrogen. Table  2 presents the preferred composition, best-fitting effective temperature, mass, surface gravity, and the cooling age of each white dwarf. We cannot distinguish between the pure H or pure He atmosphere solutions for 70 targets, as both sets of models provide acceptable fits to the observed SEDs. We present both H and He atmosphere solutions for these 70 objects.
Ultracool White Dwarfs
The star formation history of the Galactic halo is best described by a single star burst model lasting over 1 Gyr with an age of ∼12 Gyr (Reid 2005). Hence, the majority of the intermediate-mass halo stars that have already evolved into white dwarfs had enough time to cool down to temperatures below 4,000 K and become ultracool white dwarfs. Figure 6 shows the SEDs for six of the ultracool halo white dwarfs in our sample. Optical spectroscopy is available for only two of these white dwarfs, and both are classified DC. However, all six should have featureless optical spectra at these temperatures regardless of the atmospheric composition (unless they are metal-rich). All six of these stars have optical and near-infrared photometry (at least in the J−band) available, and the photometry clearly favors a Hrich composition for all but one of them. The exception is J1503+5509, for which the photometry is not precise enough to distinguish between the H and He atmosphere solutions. However, the remaining five stars in this figure show fluxdeficits in the near-infrared compared to the He atmosphere models, indicating the presence of H in their atmospheres. The best-fit temperatures range from 3590 K to 3940 for these five white dwarfs.
The globular cluster M4 is currently forming 0.53 ± 0.01M white dwarfs (Kalirai 2012) . Hence, the Galactic halo is not old enough to form lower mass white dwarfs (M ≤ 0.5M ) from single stars. Therefore, low mass white dwarfs are likely the result of enhanced mass loss in a binary system. Interestingly, only two of the ultracool white . . . . . . Myr. Similarly, J1503+5509 is a 0.51-0.52 M white dwarf 75 pc away from the Sun, with T eff = 4000-4190 K and a cooling age of 6.7-7.9 Gyr, depending on its atmospheric composition.
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DISCUSSION
White Dwarf Cooling Ages
Our detailed model atmosphere analysis indicates that 51 and 13 of our halo white dwarf candidates are best explained by pure H and pure He atmosphere models, respectively. The latter include the DB white dwarf J0007−3113. There are three DQ white dwarfs in our sample with He atmospheres and trace amounts of C, and there are also five white dwarfs with mixed H/He atmospheres, including the ultracool white dwarfs WD 0343+247 and J1824+1213. We cannot determine the atmospheric composition for the remaining 70 stars. Figure 7 shows the cooling ages of our targets based on H-and He-atmosphere model fits for ages older than 1 Gyr. The solid line marks the 1-1 line. The white dwarf cooling ages of our targets range from 7 Myr for J1657+2056 to 10.3 Gyr for J1049−7400. The choice of atmospheric composition has a small impact on the cooling ages for stars hotter than about 5000 K (e.g., Harris et al. 2006) . For example, J2203+3420 is either a T eff = 4980 ± 120 K, pure H atmosphere white dwarf with a cooling age of 2391 +710
−475
Myr, or a T eff = 5010 ± 100 K, pure He atmosphere white dwarf with a cooling age of 2580 +791
−411
Myr. However, the differences become significant for cooler white dwarfs, especially for cool white dwarfs that show significant infrared flux deficits. For example, two of the mixed H/He atmosphere white dwarfs in our sample, WD 0343+247 and J1824+1213, are significant outliers in Figure 7 .
There are 11 white dwarfs with cooling ages that differ by more than 1 Gyr between the H and He atmosphere solutions; only five of these cannot be classified reliably based on the available data. The rest are clearly H-rich atmosphere (either pure H or mixed H/He) white dwarfs. Hence, the unknown atmospheric composition does not have a significant impact on our age measurements. Ignoring the pre-white dwarf evolutionary lifetimes, the coolest white dwarfs in our sample present a firm lower limit of 10.3 Gyr for the age of the Galactic inner halo. Figure 8 shows the masses and cooling ages for our halo white dwarf sample. There are a significant number of recently formed white dwarfs with relatively short cooling timescales. Their total ages (cooling age + main-sequence Figure 6 . SED fits for six ultracool white dwarfs. Only two of these white dwarfs, J0745+2626 and J1250+5446, have optical spectra available, and both are DC white dwarfs, but given their temperatures we do not expect to see any H absorption lines anyway. All but one of these objects are clearly H atmosphere white dwarfs based on near-infrared photometry. The SED for J1503+5509 is not precise enough to favor either of the H or He atmosphere solutions. + giant-branch evolutionary lifetimes) depend largely on their main-sequence lifetimes, which are ∼ 10 Gyr for the progenitors of 0.5M white dwarfs, but significantly shorter for 0.6M white dwarfs. Hence, a small uncertainty in the white dwarf mass can imply a large uncertainty in the total ages. Another complication in age measurements is that the initial-final mass relation is loosely constrained for 0.5M white dwarfs, due to the difficulty of obtaining follow-up spectroscopy of similar white dwarfs in globular clusters. Kalirai (2012) used the recently formed white dwarfs in the 12.5 Gyr old globular cluster M4 and the results from a Hubble Space Telescope imaging survey of 60 globular clusters (Sarajedini et al. 2007 ) to derive a relation that links the mass of remnants forming today to the parent population's age
Total Ages from Recently Formed White Dwarfs
where M final is the white dwarf mass in M . Since this relation is based on > 10 Gyr old globular clusters, it is valid over the white dwarf mass range of ≈0.5-0.6 M . Based on 4 halo white dwarfs, Kalirai (2012) used this relation to derive an age of 11.4±0.7 Gyr for the Galactic inner halo, and noted that this age measurement can be improved significantly by a larger sample of recently formed halo white dwarfs. We use the same relation to estimate the pre-white dwarf evolutionary timescales and the total ages (including the white dwarf cooling ages) of each source in our sample. These ages are included in Table 2 . Ignoring the M < 0.5M white dwarfs, which are likely formed through binary evolution, all but one of the white dwarfs with cooling ages < 1 Gyr (Figure 8 ) have masses consistent with M = 0.5 − 0.6M within 1σ. Similarly, only nine of the white dwarfs with ≥ 1 Figure 9 shows the total ages of our halo white dwarf sample as a function of effective temperature. Only objects more massive than 0.5M and with a preferred atmospheric composition are shown. The red lines show the cumulative average and its 2σ error range as a function of decreasing effective temperature. Limiting our sample to the recently formed white dwarfs with T eff > 10, 000 K, or with white dwarf cooling ages of < 500 Myr, the weighted mean age is 10.9 ± 0.4 Gyr, which is again in excellent agreement with Kalirai (2012) 's estimate of 11.4 ± 0.7 Gyr. Including the objects with unknown composition, but with T eff > 10, 000 K, and using either the H or He solution still gives the same mean age of 10.9 ± 0.4 Gyr. However, this method clearly over-estimates the total ages for the coolest white dwarfs in our sample, as they all have estimated total ages above 15 Gyr.
Total Ages from the Coolest White Dwarfs
The age versus final mass relation derived by Kalirai (2012) is relatively flat in the 0.5 − 0.6M range, giving mainsequence lifetimes of 9-14 Gyr. However, this relation is based on spectroscopy of relatively bright white dwarfs in globular clusters; it is not calibrated for the faintest white dwarfs with relatively long white dwarf cooling ages. Hansen et al. (2007) find that the truncation in the white dwarf luminosity function of the globular cluster NGC 6397 occurs when the mass of the main-sequence progenitors significantly increase, which corresponds to a significant decrease in age. For example, J1049−7400 has the largest white dwarf cooling age in our sample, but it is relatively massive with M = 0.694 +0.079 −0.069 M . Hence, the age-mass relation given in equation 2 is not appropriate in this case.
We use the initial final mass relation from Kalirai et al. (2009) , and the pre-white dwarf evolutionary lifetime of halo-metallicity main-sequence stars with [Fe/H]= −1.5 from Hurley, Pols, & Tout (2000) to estimate the total ages of the coolest white dwarfs in our sample. Table 3 presents the total ages based on this method for five of our halo white dwarfs with ≥ 5 Gyr cooling ages and with a preferred atmospheric composition.
The total ages for these five white dwarfs range from ≥ 10.2 Gyr to 14.4 Gyr. For some of these targets we are only able to put a lower limit on the total age since the mass is near the boundary for low-mass white dwarfs (0.5M ). Regardless of this, there are two white dwarfs with well constrained ages. J1049−7400 is a 3940 ± 180 K, H atmosphere white dwarf with a best-fit total age of 10.9 Gyr. Taking into account the errors in mass and cooling age, the total age is constrained to between 10.9 and 11.1 Gyr, providing an excellent age measurement of the inner halo. Similarly, J1147−7457 is a 4210±80 K, H atmosphere white dwarf with a best-fit total age of 10.4 Gyr, and an age range of 10.2-11.7 Table 3 . Total ages for five of our halo white dwarfs with M > 0.5M , a preferred atmospheric composition, and relatively long white dwarf cooling age of ≥ 5 Gyr. Here we use the initial final mass relation from Kalirai et al. (2009) , and the pre-white dwarf evolutionary lifetime of halo-metallicity main-sequence stars from Hurley, Pols, & Tout (2000) Gyr. These ages are consistent with the age constraints from the recently formed white dwarfs discussed above. Our conservative selection excluded some of the well known cool white dwarfs like J1102+4113 (Hall et al. 2008) . Gaia Data Release 2 provided a parallax measurement of = 28.649 ± 0.289 mas for this white dwarf, which is consistent with the distance measurement reported in Kilic et al. (2012, 33.7±2 .0 pc). J1102+4113 has a total age of 10.6-11.1 Gyr, which is similar to the total ages for the coolest white dwarfs in our sample.
CONCLUSIONS
We use the Gaia ≥ 5σ white dwarf sample to measure the velocity dispersion of the Galactic disc, and identify 142 halo white dwarfs in the solar neighborhood. We perform a detailed model atmosphere analysis of these white dwarfs and constrain their masses and cooling ages. We estimate an inner halo age of 10.9 ± 0.4 Gyr from the recently formed white dwarfs found in our sample, and the coolest white dwarfs also confirm this age measurement.
Figure 10 compares our halo age measurement with the white dwarf luminosity function based ages of the local thin disc and thick disc populations (Kilic et al. 2017) , as well as four of the oldest clusters observed by the Hubble Space Telescope. Hansen et al. (2007 Hansen et al. ( , 2013 ) measured ages of 11.5 ± 0.5 and 9.9 ± 0.7 Gyr for the globular clusters NGC 6397 and 47 Tuc, respectively. Similarly, Bedin et al. (2009) and García-Berro et al. (2010) measured ages of 11.6 ± 0.6 Gyr and 8.0 ± 0.4 Gyr for the globular cluster M4 and the metalrich open cluster NGC 6791, respectively.
Our halo age estimate is consistent with the white dwarf based ages of the globular clusters M4, NGC 6397, and 47 Tuc, as well as the age measurements for the inner halo from Kalirai (2012, 11 .4 ± 0.7 Gyr, based on 4 white dwarfs), and Si et al. (2017, 12.11 +0.85 −0.86 Gyr, based on 4 white dwarfs with parallax measurements). Note that all of the errors quoted here are internal errors. Studying a large number of spectroscopically confirmed blue horizontal branch stars, Carollo et al. (2016) find a clear concentration of very old stars extending out to 10-15 kpc from the Galactic center and measure an age gradient of −25 ± 1 Myr kpc −1 as a function of radial Galactocentric distance, R. They measure an age of ≈11.4 Gyr for R = 8 kpc, in the Sun's vicinity. This is consistent with our white dwarf based age measurements, confirming (Hansen et al. 2013 , and references therein), the local thin disk and thick disk (Kilic et al. 2017) , and halo (this study).
that the theoretical uncertainties due to the unknown core composition, helium layer mass, crystallization and phase separation are ∼ 0.5 Gyr (Montgomery et al. 1999) for the oldest white dwarfs in the Galaxy.
